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Is the pulse in atrial fibrillation irregularly irregular?
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SUMMARY The belief that there is total irregularity of the pulse in atrial fibrillation has been
re-examined. In a computerised analysis ofR-R intervals and pulse volumes, 100-500 (mean 237)
consecutive cycles were examined in 74 patients with atrial fibrillation, of whom 36 were on

digoxin and 38 were not taking any antiarrhythmic treatment. A Doppler ultrasound technique
was used to assess pulse volumes, against which R-R intervals were correlated. Although the
sequence of consecutive R-R intervals was random in 52 (70%)°, patients there was a significant
correlation between consecutive intervals in 22 (30%), the correlation coefficient being negative
in 11 and positive in 11. In 43 (58%) cases the sequence of consecutive pulse volumes was

significantly non-random; 34 (46%) showed pulsus alternans, indicated by a negative correlation
between consecutive volumes. The proportion of patients with a non-random sequence of R-R
intervals or pulse volumes was the same whether or not they were taking digoxin.
Thus patients with atrial fibrillation often have patterns of regularity of the pulse, with the

ventricular rhythm being non-random in almost one third and the sequence of pulse volumes
being non-random in over a half. Contrary to classic teaching, in many patients with atrial
fibrillation the pulse is not irregularly irregular.

Ever since the description of "Pulsus irregularis
perpetuus" by Hering in 1903' and its identification
with auricular fibrillation by Sir Thomas Lewis six
years later,2 there has been interest in the irregu-
larity and the inequality of the pulse in this condi-
tion and the relation between these features. Eint-
hoven and Korteweg clearly demonstrated a positive
relation between pulse strength and the preceding
R-R interval,3 and showed also a negative relation
between the strength of one pulse and that of its
predecessor. They described atrial fibrillation as
"pulsus irregularis et inaequalis perpetuus". Lewis
later confirmed that the pulse volume in atrial
fibrillation was not totally irregular, but that pulsus
alternans was commonly found, defining it as "an
inverse relation between the strength of a pulse beat
and the size of its predecessor."4 These observations
have been generally overlooked and it is widely
taught that the pulse in atrial fibrillation is totally
irregular in time and volume.5 6
We have examined both the rhythm and the vol-

ume of the pulse in patients with atrial fibrillation;
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halfwere taking digoxin and halfwere not taking any
antiarrhythmic medication. We used statistical tech-
niques to examine each of these characteristics in
detail and to determine the relations between them.

Patients and methods

Seventy four consecutive patients with atrial
fibrillation are the subject of this report. There were
34 women and 40 men (mean age 68, range 32-91
years). The aetiology of atrial fibrillation was as
follows: idiopathic 33 cases, mitral valve disease
17, ischaemic heart disease or hypertension or both
19, chronic obstructive lung disease 2, pulmonary
embolism 2, and thyrotoxicosis 1. Thirty six
patients were receiving digoxin; the remainder were
not taking any antiarrhythmic medication and had
not taken digoxin for at least a week.

In each patient pulse volume was measured by
transcutaneous aortovelography, a non-invasive
technique in which continuous wave ultrasound was
directed at the arch of the aorta from a transducer
held in the suprasternal notch.7 The Doppler shift
frequencies arising from back scattering of ultra-
sound by aortic blood were subjected to spectral
analysis and displayed in real time on a paper trace,
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Fig. 1 Record of electrocardiogram and aortic blood velocity obtained by transcutaneous aortovelography in a patient with
atrialfibrillation.

which could be directly calibrated as aortic blood
velocity.
Figure 1 is a typical trace. The area within the

outline of a single velocity-time complex is mea-
sured by triangulation to give stroke distance-the
distance travelled by aortic mid-stream blood with
each beat. We have shown that triangulation gives
virtually identical values for stroke distance as those
obtained by integration of the area within the
envelope.8 Elsewhere we have reviewed the evidence
that within subjects stroke distance correlates with
stroke volume.9' 0 A single lead of the electro-
cardiogram was recorded with the velocity trace at a
paper speed of 50 mm/s. Stroke distances and the
corresponding R-R intervals were measured from
continuous sequences of up to 500 cardiac cycles,
recorded from recumbent patients after at least five
minutes' rest. Patients whose electrocardiograms
showed evidence of heart block, junctional rhythm,
or ventricular extrasystoles were excluded from the
study, as were those with evidence of a trend in ven-
tricular rate during the recording-that is all their
auto-correlation coefficients were positive. Data
from three patients with technically unsatisfactory
ultrasound recordings were also rejected.

STATISTICAL METHODS
If the ventricular response in atrial fibrillation is
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correlation
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truly irregular then not only should the distribution
of R-R intervals around the mean be normal, which
is usually the case, but their distribution in time
should be random. This may be tested by the tech-
nique of auto-correlation (Fig. 2). Correlation
coefficients are calculated for each R-R interval and
its successor (first order auto-correlation
coefficient), each interval and its second successor
(second order auto-correlation coefficient), third
successor (third order auto-correlation coefficient),
and so on up to the tenth successor. If the sequence
of R-R intervals is random and the duration of a
given interval has no influence on those that follow
then these auto-correlation coefficients will not
differ significantly from zero. On the other hand if a
given R-R interval has an effect on its successors
then one or more of the auto-correlation coefficients
will achieve statistical significance that may be nega-
tive or positive.
We calculated auto-correlograms for pulse vol-

ume, measured as stroke distance, in the same way.
Although auto-correlation coefficients up to the
tenth order were computed and are illustrated in the
figures, higher order coefficients showed no mean-
ingful pattern so only first order coefficients will be
further considered in this paper.
To study the relation between R-R intervals and

stroke distance we computed a cross-correlogram
(Fig. 3). Correlation coefficients are calculated for

Third order
correlation
coefficient r3

I
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If the sequence of R - R intervals is random then r1 - rn are not significant
Fig. 2 The technique of auto-correlation applied to R-R intervals of the electrocardiogram in atrialfibrillation.

5



Rawles, Rowland

Zero order
cross-correlation
ro

First order
cross-correlation
r.1

Second order
cross-correlation
r.2

Third order
cross-correlation
r*3

Fig. 3 The technique of cross-correlation applied to R-R intervals and stroke distances.

each R-R interval and the stroke distance it includes
(zero order), each R-R interval and the stroke dis-
tance that follows (first order), and so on up to the
tenth cross-correlation. In this manner the influence
of an R-R interval on subsequent stroke distances
can be studied. Cross-correlation coefficients are
also calculated between R-R intervals and preceding
stroke distances to study the influence of stroke dis-
tance on heart rate.

Auto-correlograms for R-R intervals and stroke
distances, and the cross-correlogram between them
were computed from an average of 237 cardiac cycles
for each patient (range 100-500). Initially, mea-
surements were made by hand and the statistical
analyses were carried out using Minitab on a main-
frame computer, but later in the study the record-
ings were digitised and analysed by a micro-
computer.

Results

The mean ventricular rate was 98 beats/min, in the
whole study group, 87 beats/min in those taking
digoxin 87, and 107 beats/min in those not taking
any antiarrhythmic treatment.

Auto-correlation ofR-R intervals
Twenty two (30%) patients had non-random

rhythm, as indicated by a significant first order auto-
correlation coefficient for R-R intervals (Table 1).
This was positive in 11 cases and negative in 11

cases. The proportion of patients with a non-

random rhythm was 32% in those not taking any
antiarrhythmic treatment and 28% in those taking
digoxin (Tables 2 and 3).

Auto-correlation of stroke distances
A non-random sequence of stroke distances was

found in 43 (58%) cases, 63% of those not taking
any antiarrhythmic treatment, and 53% of those
taking digoxin (Tables 2 and 3). In 34 (46%) cases

the auto-correlation coefficient was negative, indi-
cating a tendency for stroke distances to alternate in
size, that is to display pulsus alternans.

Relation between randomness of rhythm and ofpulse
volume sequence
Of 52 (70%) cases which had a random rhythm, the
sequence of stroke distances was random in 22
(30%) and non-random in 30 (40%) cases; of 22
(30%) cases which had a non-random rhythm, the
sequence of stroke distances was random in nine
(12%) and non-random in 13 (18%) cases. There
was no relation between the occurrence of a random
rhythm and a random pulse volume sequence

(X2 = 0-01, NS). Tables 1-3 detail the occurrence of

Table 1 Numbers (%) ofpatients with sigmficant (p < 005) andnon-signi cantfirst order auto-correlation coefficients (all
patients)

First order rfor R-R intervals

Not significant Significan Total

Negative Positive Combined

First order
Not significant 22 2 7 9 31 (42)

r Significant
Neptive 21 9 4 13 34 (46)

for Positive 9 0 0 0 9 (12)
Combined 30 9 4 13 43 (58)

stroke distance Total 52 (70) 11(15) 11(15) 22 (30) 74 (100)
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Table 2 Numbers (%) ofpatients with significant (p < 00S) and non-significantfirst order auto-correlation coefficients
who were not taking antiarrhythmic treatment

First order rfor R-R intervals

Not significant Significant Total

Negative Positive Combined

First order
Not significant 9 2 3 5 14 (37)

r Significant
Negative 15 3 4 7 22 (58)

for Positive 2 0 0 0 2(5)
Combined 17 3 4 7 24 (63)

stroke distance Total 26 (68) 5 (13) 7 (18) 12 (32) 38 (100)

Table 3 Numbers (%) ofpatients with significant (p < 005) and non-significantfirst order auto-correlation coefficients
who were taking digoxin

First order rfor R-R intervals

Not significant S4gmnicant Total

Negative Positive Combined

First order
Not significant 13 0 4 4 17 (47)

r Significant
Negative 6 6 0 6 12 (33)

for Positive 7 0 0 0 7 (19)
Combined 13 6 0 6 19 (53)

stroke distance Total 26 (72) 6 (17) 4 (11) 10 (28) 36 (100)

the significant and non-significant first order auto-
correlation coefficients for R-R intervals and stroke
distances, subdivided into those not taking any anti-
arrhythmic treatment and those taking digoxin.

Cross-correlations between stroke distance and R-R
intervals
All patients showed a positive first order cross-

correlation between R-R interval and the ensuing
stroke distance, and this was significant in all but one
case. In 60 out of 74 cases there was a significant
cross-correlation between R-R interval and the sec-

ond succeeding stroke distance, which was negative
in 56 cases.

Examples of auto-correlograms and cross-correlograms
Figure 4 shows the auto-correlograms and cross-

correlograms from one patient. Correlation
coefficients, which may range from -1 to + 1, are

plotted against the order of auto-correlation (1 to 10)
or of cross-correlation (-10 to + 10). This patient
shows a random sequence of R-R intervals, none of
the auto-correlation coefficients being significantly
different from zero. The sequence of stroke dis-
tances is, however, non-random, the auto-
correlogram showing a highly significant negative

first order coefficient (r= -0-28, p<0001) indi-
cating pulsus alternans.

In the cross-correlogram we have chosen to dis-
play as positive the order of correlation of a given
R-R interval against the stroke distances that follow,
and as negative those that precede it. The zero order
coefficient is not significant, neither is there any cor-
relation between R-R interval and preceding stroke
distances. There is, however, a highly significant
positive correlation between R-R interval and the
first succeeding stroke distance (r =0-78, p < 001),
and a negative correlation between R-R interval and
the second succeeding stroke distance (r= 0 i38,
p< 001). This patient has a random rhythm but a
non-random sequence of stroke distances.

Figure 5 shows the results from a patient with a
non-random rhythm and non-random pulse volume
sequence. The non-random rhythm is indicated by a
significant positive first order auto-correlation
coefficient (r= 0-24, p < 005). A positive first order
coefficient means that consecutive intervals are more
like each other than chance alone would dictate.
This patient also demonstrates pulsus alternans
(r= -02, p< 05), and significant relations
between R-R interval and the two succeeding stroke
distances, positive for the first (r=0-60, p<O0001)
and negative for the second (r=0-28, p < 0 05), as
before.
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Fig. 4 Auto-correlograms for R-R intervals and stroke distances together with cross-correlogram between
them in a patient with random rhythm and non-random sequence ofpulse volumes with pulus alternans.
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Fig. 5 Auto-correlograms for R-R intervals and stroke distance together with cross-correlogram between
them in a patient with non-random rhythm and a positivefirst order auto-correlation coefficient.
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Fig. 6 Auto-correlograms for R-R intervals and stroke distance together with cross-correlogram between
them in a patient with non-random rhythm showing alternating cycle lengths and pronounced pulsus
alternans.
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Fig. 7 The mechanism ofpulsus alternans.

Figure 6 shows the auto-correlograms and cross-

correlograms from a patient with a non-random
rhythm. The first order auto-correlation coefficient
for R-R intervals is significant and negative
(r= -0-42, p<0 001), indicating that cardiac cycle
lengths tend to alternate. Pulsus alternans is also
present, indicated by a negative first order
coefficient on the auto-correlogram of stroke dis-
tance (r=-0-51, p<0001). There is also a

significant positive second order coefficient (r= 0 22,
p < 0-01) indicating that stroke distances from every

second beat are positively related.
The cross-correlogram shows a very complex

pattern of inter-relations, but as before there is a

positive correlation between R-R interval and the
succeeding stroke distance (r=0-88, p<0 001) and
a negative correlation between R-R interval and
the second succeeding stroke distance (r=- 059,
p < 0o001).

Pulsus alternans
Figure 7 shows how a given R-R interval is posi-
tively related to the next stroke distance and nega-

tively related to the second succeeding stroke dis-
tance. The opposing effect ofa given R-R interval on
the two succeeding stroke distances results in an

inherent tendency to display pulsus alternans when
R-R intervals vary in duration, as in atrial
fibrillation. In nine out of 11 cases in which R-R
intervals altemated there was pulsus alternans
(mean r= -0037) which was more conspicuous than
when it occurred in the presence of a random
rhythm (mean r= -0 27). The presence of pulsus
alternans was unrelated to clinical status or the

aetiology of the atrial fibrillation, but occurred more
frequently (58%) in those not taking antiarrhythmic
treatment than in those taking digoxin (33%). This
difference in incidence was not significant
(X2=0-82, NS).
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Discussion

It is widely believed that the rhythm of the ventricu-
lar response in atrial fibrillation is totally irregular or
random, and this was averred in a recent editorial'
and article.1' In the statistical sense this can never
be completely true of atrial fibrillation since there is
virtual certainty that for an interval after a given R
wave, corresponding to the refractory period of the
atrioventricular node, there will not be another R
wave, but by the time twice the mean R-R interval
has elapsed a second R wave will have occurred.
Within these limits R-R intervals show an approxi-
mately normal distribution around the mean,
though the histogram is often skewed, the median
interval being shorter than the mean. Total irregu-
larity is the random sequencing of R-R intervals
within this range, with the length of any interval not
influencing the length of those that follow. The
auto-correlogram is a means of testing whether or
not the distribution of R-R intervals in time is ran-
dom; a series of correlation coefficients is computed
between consecutive and higher order events.

In 16 out of 17 patients with atrial fibrillation.
Horan and Kistler found no relation between con-
secutive R-R intervals,'2 but Goldstein and Barnett
found evidence of non-random behaviour in half
their records.'3 They described "chaining", in
which series of cardiac cycles with almost equal R-R
intervals occur, giving rise to a positive relation
between consecutive R-R intervals.
Bootsma et al computed auto-correlograms from

approximately 2000 beats in 36 patients with atrial
fibrillation, 17 of whom were taking digitalis.'4
These workers maintained that at rest the first and
higher order coefficients did not differ from zero.
Their published results, however, show that in 12
cases (eight positive and four negative), the first
order auto-correlation coefficients exceed the 95%
confidence limit (0-062 for 1000 degrees of freedom
(DF)), and in nine cases they exceed the 99% limit
(0-082, DF= 1000). Of 19 patients without treat-
ment, 36% had a non-random rhythm (three nega-
tive and four positive auto-correlation coefficients);
this was present in 29% of patients taking digitalis
(one negative and four positive auto-correlation
coefficients). In 23 cases the auto-correlograms were
repeated after exercise, when 13 positive and one
negative first order coefficients were significant
(p < 0 05), whereas before exercise three were posi-
tive and three were negative. There was a significant
(p < 0-05) positive shift in the mean value of the first
order coefficients with exercise. Bootsma et al
observed that an intervention that altered the elec-
trophysiological properties of the atrioventricular
node did not affect the random nature of the ventric-
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ular response. From this it was inferred that the ran-
dom response could not be due to any property of
the node but that its explanation must lie elsewhere.
Even if the premise of this argument is invalid, as we
believe to be the case, the inference is not necessarily
altered.
Bootsma et al attributed the random ventricular

response that was present in two thirds of their
patients to a scaling down by the atrioventricular
node of a random sequence of atrial impulses of ran-
dom amplitude and direction.'4 A similar conclu-
sion was reached by Hashida et al based on a detailed
study of a single case at three different ventricular
rates.'5 During atrial fibrillation with a rapid ven-
tricular response the sequence of R-R intervals was
random, but at slower ventricular rates, brought
about by digitalisation, consecutive R-R intervals
became positively correlated, this being attributed to
concealed conduction. This differs from the results
of Bootsma et al who showed that a positive shift in
first order auto-correlation coefficients followed an
increase ofheart rate with exercise"; in five patients
who were digitalised there was no change in the
coefficients. Moe and Abildskov in experimentally
induced atrial fibrillation in the dog showed that
stellate ganglionectomy, which reduced the ventric-
ular rate, led to abolition of a positive first order
auto-correlation.'6 Strackee et al, however, pointed
out that artificial atrial fibrillation in the dog differs
in its rhythmic behaviour from the true form, and so
should be used with caution as an experimental
model. 1 7

In a study of 58 patients with atrial fibrillation,
Honzicova et al found a random ventricular
response in 51, but seven had alternation of cycle
lengths and a negative first order auto-correlation
coefficient.'8 The random ventricular response of
the majority could be simulated by a computer
model in which the ventricular response depended
on summation of random atrial impulses.
While maintaining that the ventricular rhythm in

patients and dogs is always random, Meijler et al
demonstrated a non-random rhythm in horses with
atrial fibrillation." Baroceptor responses to blood
pressure changes associated with very long R-R
intervals were responsible for modulating the ven-
tricular rhythm which would otherwise be random.
Meijler et al maintain that this mechanism does not
operate in humans because such very long R-R
intervals do not occur.

In summary, these studies show that while most
cases of atrial fibrillation show a random ventricular
response, non-random rhythms with either positive
or negative first order auto-correlation coefficients
are present in a substantial minority.'9 There is no
convincing electrophysiological -explanation to
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account for both varieties of non-random behaviour
or that explains how patients may change from one
mode to another. Autonomic tone probably has a
major influence on the development of non-random
rhythms since pronounced pattern changes accom-
pany changes of mean heart rate.

In our series a non-random ventricular rhythm
was present in 22 (30%) out of 74 patients with atrial
fibrillation-a result that accords with other pub-
lished reports. This result is unlikely to be the result
of any statistical artefact because we are well aware
of the hazards of studying patients with rhythms
other than pure atrial fibrillation or of analysing
patients whose rhythms exhibit a trend in heart rate,
and we did not include such patients. Although we
have analysed fewer cardiac cycles than other work-
ers, allowance was made for this by the use of an
appropriately increased confidence limit for assess-
ing the significance of any correlation coefficient.
The relation between the rhythm and volume of

the pulse in atrial fibrillation has long been of inter-
est. "The absence of a definite and continuing
relationship between the strength of a beat and the
length of the pause which precedes it", was pro-
posed by Lewis as a criterion for the diagnosis of
auricular fibrillation.20 Later he modified this view'
and credited Einthoven and Korteweg3 with the
observations that "the strength of the pulse beat is in
general related directly to the length of the pre-
ceding heart cycle", and "the strength of the beat is
also related, inversely, to the strength of the beat
which precedes it". This last quotation describes
pulsus alternans, although the relation is mathe-
matically negative rather than inverse. Pulse volume
in atrial fibrillation is influenced not only by the
immediately preceding R-R interval but also by the
second and earlier preceding intervals, principally
through the force-frequency or Bowditch effect.2' 22
Using the cross-correlogram the relations between
R-R intervals and pulse volumes may be displayed,
and in our series this confirmed the positive relation
between R-R interval and the subsequent stroke dis-
tance in every case. Additionally it showed a
significant negative relation with the second suc-
ceeding stroke distance in 56 (76%) out of 74 cases.
The opposing effect of a given R-R interval on the
two subsequent stroke volumes readily results in
pulsus alternans, which we found in 34 (46%) cases.
Alternation of long and short R-R intervals, present
in 11 (15%) cases, increases the amplitude of pulsus
alternans, as shown by a larger negative correlation
coefficient. In atrial fibrillation, unlike sinus
rhythm, pulsus altemans does not imply left ventric-
ular dysfunction; we have shown that it is a normal
haemodynamic consequence of rapid changes in
heart rate.
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The computerised statistical techniques described
here demonstrate the frequent occurrence of a non-
random ventricular response in atrial fibrillation and
indicate the complex inter-relations between "pul-
sus irregularis" and "pulsus inaequalis" during
atrial fibrillation. The problem of explaining the
non-random element in atrial fibrillation remains,
but a possible solution may be found by under-
standing the mutual interactions between rhythm
and haemodynamic function.

We are grateful for the support and encouragement
ofDr Dennis Krikler in whose department this work
was started during a period of sabbatical leave
granted to JR by the University of Aberdeen. A
research grant from Grampian Health Board is
gratefully acknowledged.
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